Thermal conductivity, resistivity, Seebeck coefficient, and Hall measurements on polycrystalline Sn-clathrate compounds with the type-I hydrate crystal structure are reported. Interstitial alkali-metal atoms in these compounds reside inside polyhedral cavities formed by the tetrahedrally bonded Sn network atoms. Localized disorder associated with ''rattling'' motion of these interstitial atoms contributes to the low thermal conductivity of these semiconducting compounds. The Hall coefficient and resistivity for some compounds exhibit nonmonotonic temperature dependences consistent with a crossover with decreasing temperature from conduction-band to impurity-band conduction. The carrier mobility is found to be low even in the absence of interstitial atoms within the Sn framework, suggesting a large effective mass and/or scattering rate. We discuss the properties in the context of potential thermoelectric applications.
INTRODUCTION
Semiconducting compounds with a clathrate hydrate-type crystal structure are of growing interest as potential thermoelectric materials. Transport properties of semiconductor type-I Si and Ge clathrates reveal low thermal conductivity values along with relatively high Seebeck coefficients and electronic conductivity. [1] [2] [3] The crystal structure of these clathrate compounds consists of a framework of group-IV atoms having several polyhedral ''cages,'' each of which can incorporate relatively large ''guest'' atoms. The thermal conductivities for some of these crystalline compounds have temperature dependences and magnitudes similar to that of amorphous materials. [1] [2] [3] [4] [5] This unusual behavior of the thermal transport for the group-IV clathrates ͑as well as for clathrate hydrates 6 ͒ is attributed to guest-host interactions, whereby the localized guest vibrations interact strongly with the host acoustic modes. 4, 5, 7, 8 The guest translational vibration ͑or ''rattling''͒ frequencies increase as the size difference between guest atom and host polyhedra decreases, reflecting the stronger restoring forces acting on guest atoms. The experimental trends in thermal conductivity are similar to those found in the skutterudite material system 9 and are most interesting in terms of thermoelectric applications. They indicate that semiconductors with good electronic properties can be synthesized with ''glasslike'' thermal conductivity.
Sn-clathrates may be of particular interest for thermoelectric cooling applications. Theoretical calculations on ''empty'' type-I and type-II Si-clathrates ͑Si 46 and Si 136 , respectively͒ indicate a band gap of almost 2 eV, substantially larger than that of diamond-structured Si ͑1.1 eV͒ and a consequence of the open clathrate structure. 10 Recent band structure calculations suggest this band gap opening also occurs in the case of Sn-clathrates, with type-I alkali-metal compounds being semiconductors.
11 Sn-clathrates may therefore be synthesized to possess narrow band gaps, a prerequisite for thermoelectric cooling materials. 12 The transport properties reported here indicate that the Sn compounds are conventional semiconductors, with guest atoms contributing to an impurity band.
With very few exceptions 2,3,13-15 most of the work thus far on the transport properties of these types of compounds has focused on Si or Ge as the framework atoms. In this work we investigate the transport properties of several Snclathrates with the type-I hydrate crystal structure with the aim of investigating their potential for thermoelectric applications.
SAMPLE PREPARATION AND EXPERIMENTAL PROCEDURE
The basic structural and chemical properties of the Snclathrates synthesized for this report are shown in Table I . The cubic unit cell of the type-I Sn-clathrates ( Pm3 n) are made up of two different types of polyhedra, two Sn 20 dodecahedra, and six Sn 24 tetrakaidecahedra. The Sn framework atoms form bonds in a tetrahedral arrangement; the polyhedra are covalently bonded to each other by shared faces. The alkali-metal atoms are entrapped inside these polyhedra. This interesting structural arrangement is central to the interesting transport properties observed for these compounds.
Sample preparation varies from quite simple-one need only look at the Cs-Sn phase diagram to prepare Cs 8 Sn 44 ͑Ref. 16͒-to more involved. A general approach that has resulted in phase-pure specimens consists of mixing highpurity elements in an argon-atmosphere glovebox and then reacting the products for 4 weeks at 550°C inside a tungsten crucible sealed inside a stainless steel canister. The canister was evacuated and backfilled with high-purity argon before sealing. The resulting compound consisted of small octahedral crystals with a shiny, black metallic luster. The structural and chemical properties of these phase-pure specimens were analyzed by powder x-ray diffraction ͑XRD͒ and Rietveld refinement, single-crystal XRD on small single crystals, and optical metallographic and electron-beam microprobe analyses. A detailed description of the synthesis approach and structural analyses have been reported elsewhere. 14, 15 For transport measurements these compounds were ground to fine powders and hot pressed inside a graphite die at 380°C and 2.1ϫ10 4 psi for 2.5 h in an argon atmosphere. The hotpressed pellets were cut with a wire saw in the shape of a parallelopiped 2ϫ2ϫ5 mm 3 in size. Four-probe electrical resistivity ͑͒, steady-state Seebeck coefficient ͑S͒, and steady-state thermal conductivity ͑͒ measurements were performed in a radiation-shielded vacuum probe ''dipper'' or inside a closed-cycle refrigerator. Heat losses via conduction through lead wires and radiation were determined in separate experiments and the data corrected accordingly. These corrections were 15%-20% near room temperature and Ͻ5% at TϽ120 K. The Hall coefficient (R H ) was measured using a 16-Hz Linear Research bridge in conjunction with a cryostat equipped with a 5-T superconducting magnet. Hall resistance was taken in both positive and negative magnetic fields to correct for any misalignment of the Hall probes. The advantage of the ac technique is that it compensates the thermal emf generated within the specimen. Care was taken to polish the specimen surface well before making electrical contact to prevent unwanted conduction from surface defect states. Figure 1 shows the lattice thermal conductivity g as a function of temperature of five polycrystalline compounds with type-I crystal structure along with data on n-type InSb. 17 Thermal conductivity for some of these compounds has been reported previously. 2, [13] [14] [15] From the measured values of and we employ the Wiedemann-Franz relation to estimate and subtract the electronic component e , thus computing the lattice contribution g ϭϪ e ͑ e ϭL 0 T/ with L 0 ϭ2.44ϫ10 Ϫ8 V 2 /K 2 ͒. The data are also corrected for porosity for the relatively porous polycrystalline specimens ͑see Table I͒ Figures 2-4 show (T), R H (T), and S(T) for several of the samples. All of the Sn-clathrate specimens examined had n-type Hall coefficients that were independent of applied magnetic field in the range 0.5-5 T within the error of the measurements. Given these observations, a single-band picture appears applicable to the n-type compounds. The Cs 8 Zn 4 Sn 37 Ge 5 compound had a positive Hall coefficient that was strongly field dependent, suggesting contributions to R H from more than one band.
RESULTS AND DISCUSSION
Evidence for impurity-band conduction at low T is provided by the observation of variable-range-hopping behavior, 20 (T)ϭ 0 exp͓(T 0 /T) 1/4 ͔ below Tϭ25 K for Rb 8 The nonmonotonic temperature variation of R H observed for three of the specimens is characteristic of a transition from the band conduction at high T to impurity-band conduction at low T. 21 A maximum in R H occurs when the impurity-band and conduction-band conductivities become equal. We find that the simplest model capable of reproducing the features of all the transport data self-consistently consists of a parabolic conduction band and a lower-mobility impurity ''band'' ͑approximated as a discrete level͒ with donor density N d at energy d below the conduction-band edge ͑inset, Fig. 3͒ . In the limit ⌬ӷk B T ͑⌬ being the gap energy͒ hole conduction can be ignored and the equation of charge neutrality describing this situation can be written as
where n d is the electron density in donor states, n is the 
where and d are the conduction-band and impurity-band mobilities, respectively. It was assumed that the Hall contribution from the impurity band is n type. The total thermopower in this model is given by a weighted sum of the conduction-band ͑S͒ and impurity-band (S d ) contributions,
where is a constant determined by the dominant scattering mechanism ͑ϭ2, 1 2 , and 0 for ionized impurity, neutral, impurity, and acoustic phonon scattering, respectively͒.
The scattering mechanism is often determined from the temperature dependence of the Hall mobility, H ϵR H /. In the present case, however, we expect the temperature dependence of H to depend more strongly on the difference in the magnitudes of and d rather than on their respective temperature dependences. Therefore, to simplify the simultaneous analysis of all three transport coefficients we took d to be temperature independent and considered temperaturedependent forms for corresponding to ionized impurity (ϰT 3/2 ), neutral impurity ͑ϰconst͒, and acoustic phonon scattering (ϰT 3/2 ). We also assumed S d ӶS ͑a good approximation for TϾ25 K͒ such that S tot ϷS (1ϩn d d /n) Ϫ1 . These simplifications provide for semiquantitative agreement between calculated and measured coefficients; results for ionized impurity scattering are shown as solid curves in Figs. 3 and 4 and fitting parameters presented in Table II .
There is some disagreement between calculated and measured coefficients. The assumption of a constant impurityband mobility leads to a saturation of the computed resistivity at low T and an underestimate of the measured for Cs 8 For ϭ2 ͑dominant ionized impurity scattering͒ the analysis yields m/m 0 ϭ0.14, 0.38, 0.45, and 0.85 for Rb 8 . This discrepancy could be partly due to the compensating effect of acceptors ͑substitutions or vacancies at the Sn framework sites͒ which are neglected in the model. Alternatively, the alkali-metal atoms may donate substantially less than one electron due to a more covalent nature of their bonding, suggesting these to be Zintl compounds. The variation in donor energies ( d ) may reflect different band structures associated with Ga and Zn substitutions in the Sn framework. Including acceptors ͑and perhaps a contribution from holes͒, distinguishing the binding energies for Ga and Zn, and incorporating a density of states rather than a discrete level for the impurity band are ingredients for a more sophisticated treatment of these data within the context of the model presented. Finally, we note that a gapless semiconductor model 22 is also capable of reproducing the behavior of the transport coefficients reported here. At present, we view the latter model as less plausible.
CONCLUSIONS
Temperature-dependent electronic and thermal conductivity measurements on several type-I Sn-clathrate compounds have been reported and discussed. These compounds exhibit low values that are attributable to the localized disorder associated with the dynamic motion of the alkali-metal atoms. The electronic transport properties were analyzed employing different models and temperature dependences. Guidance from band structure calculations would be useful in further elucidating the electronic transport in these compounds.
